We report the visualization and quantitative analysis of electromagnetic surface fields at solid surfaces with the potential for λ/50 resolution. To illustrate this capability, we investigate patterns in two-photon photoemission images of light-diffracting structures in waveguiding, transparent thin films. The obtained micrographs show interference patterns between incident and guided light with a remarkable sensitivity to subwavelength features. We demonstrate that photoemission rates are directly related to the surface field strengths and develop a subwavelength method to calculate the surface fields from optical properties and surface topology based on the two-dimensional Kirchhoff diffraction integral. Calculated images based on this theoretical approach compare favorably to experimental electron micrographs.
I. INTRODUCTION
In the past decade the optoelectronics field has attracted considerable research interests following new materials developments and experimentation techniques. With the emergence of nanoscale plasmonic and photonic devices there is a large interest for quantitative characterization. Scanning probe techniques, particularly scanning optical microscopies, have largely been used to address these needs. More recently, however, photoemission electron microscopy (PEEM) has been developed towards a level where images with high spatial and temporal resolution can be obtained [1] [2] [3] [4] [5] [6] [7] [8] [9] . With the availability of ultrashort high-intensity laser pulses, even the infrared and visible spectral region can be routinely used in PEEM when multiphoton excitations are utilized. This makes PEEM a potentially powerful tool for the study of all types of electromagnetic field excitations in materials, including guided optical modes [6, 9] , vacuum modes [7] , and surface plasmons [1] [2] [3] [4] [5] 8] . With its excellent spatial resolution now approaching 5 nm [10] , PEEM may advance optical surface studies to scales well beyond standard optical microscopes and beyond currently available super-resolution techniques. Here we present a detailed analysis of light propagation in nonmetallic transparent media observed in two-photon (2P) PEEM at a wavelength of 410 nm.
Conventional low-energy PEEM uses ultraviolet light to induce photoemission from surfaces via single photon excitation processes. In PEEM, this emission pattern is imaged with electrons [11] . Since electrons are used to create the image in PEEM, the fundamental resolution limit is set by the electron optics, as in other electron microscopies, and is unaffected by the diffraction limit of the light used to illuminate the sample [12] . Multiphoton PEEM (nP-PEEM) extends the wavelength range of incident light to the visible and infrared. Multiple (n) photons are used to overcome the work function W in the electron excitation, i.e., n × (hc/λ) > W. Multiphoton excitation is a low-probability, nonlinear process that is sensitive to local variations in the electromagnetic field, allowing phase-resolved visualization of surface electromagnetic fields [5, 6] . * fit@pdx.edu Presently, nP-PEEM is primarily used to visualize surface plasmon polariton fields [4, 5, 8] . Here we show that nP-PEEM is also suitable for visualizing the surface photonic fields of two-dimensional structures in transparent waveguides, showing remarkable sensitivity to subwavelength features. Building on an earlier analysis of a single slit in a dielectric slab waveguide [6] , we present a method to calculate the diffraction patterns observed in PEEM. We establish the relationship between electromagnetic field intensity and multiphoton photoelectron emission yield and develop a procedure for calculating surface fields from scalar wave diffraction theory.
In our analysis, we first determine the wave numbers of guided modes that can be expected in a dielectric thin film, then use Fraunhofer diffraction to determine the relative amplitude of modes excited at the periphery of the film where the in-coupling occurs. The evolution of waves in the film is then calculated using Fresnel-Kirchhoff integration, where the diffracting structure serves as the aperture, and a twodimensional, attenuated Green's function describes the guided mode fields at the vacuum interface. This treatment of the Kirchhoff diffraction formula does not make approximations of the relative sizes of the aperture, wavelength, or distance to the screen, such as in Fresnel and Fraunhofer diffraction, and can be readily adapted to any type of propagating electromagnetic wave, independent of the underlying mechanism, as well as to arbitrarily shaped sources. We use the results from this analysis to compute the photoelectron emission rate, which derives from the complex sum of surface fields and incident light.
We experimentally study two photonic structures in an aberration-corrected PEEM using two-photon excitation and compare the electron micrographs to field-based calculations, where we find good agreement. As a result, we conclude that electromagnetic fields observed in PEEM are not significantly influenced by the photoelectrons. This may be an advantage compared to scanning probe techniques where the presence of the probe often affects the signal. We further submit that nP-PEEM could be developed as a powerful visualization tool for the characterization of photonic and plasmonic structures where subwavelength sensitivity, nanometer precision, and detailed knowledge of near-field behavior are necessary. 
II. THEORY
The visualization of near-surface electromagnetic waves in PEEM relies on the interference between incident and scattered light at a specimen surface. To illustrate this point, consider a simple model (Fig. 1 ) of a single slit in a single-mode, thin-film dielectric waveguide. Light illuminates the entire thin film surface, which is otherwise uniform and planar. We can characterize the incident light with the scalar amplitude E = E 0 e ik·r and wave vector k, where k = 2π/λ is the vacuum wavenumber and λ is the vacuum wavelength of incident light. Some of the incident light scatters into the waveguide. A few nanometers from the step the guided wave can effectively be treated as a separate source E = E 1 e ik ·r , where E 1 /E 0 is the coupling strength, k = N 1 kê y is the guided wave vector, and N 1 is the effective index [13] .
The surface-projected wavenumbers of the incident and guided light are k sin θ and kN 1 , respectively, and the interference of the two waves at the surface is characterized by the wavenumber k I = k(N 1 − sin θ ), where θ is the angle of the incident light with respect to the surface normal. The interference maxima at the surface are separated by the distance 2π/k I .
With n photons required for the emission of a single electron, the rate of photoemission is proportional to the nth power of the total surface electromagnetic intensity, R n ∝ E tot 2n , where E tot = E + E is evaluated at the surface. The nP-PEEM image is a map of R n (r),
which shows the amplitude and phase of guided wave electromagnetic fields through the interference with the incident fields. Terms of order E 2 1 and higher are dropped, since E 0 E 1 in most cases, and ϕ accounts for phase shifts between the two waves. The results of this example can be generalized to an arbitrarily shaped structure where there may be more than one (j = 1, 2, . . . ) scattered wave E j directed in direction k j .
Coupling amplitude and polarization are calculated using a generalized transmission and reflection coefficient formalism, based on Fraunhofer diffraction and Maxwell's equations [14] . Light can be coupled into the waveguide through a directly illuminated face or through scattering at an indirectly illuminated face, as shown in Fig. 1 , leading to anisotropy between forward and reverse-coupled light, with potentially different phase relationships with incident light. Unlike the single step example, we consider arbitrarily oriented faces, where fields have spatially varying transmission amplitude A. The complexity of the coupling calculation depends on the size and shape of the diffracting structure, as discussed in the Results section.
The wavenumbers of the guided modes supported in the dielectric thin film can be calculated from Maxwell's equations applied to an infinite slab model [15] . The waveguides considered here support two modes for each polarization, with wavenumbers N j k, where the effective indices are N 1TE , N 1TM , N 2TE , and N 2TM . Due to the geometry of the milled grooves, incident transverse electric (TE)-polarized light can produce both TE-and transverse magnetic (TM)-polarized modes (and likewise for incident TM-polarized light); therefore, all four wavenumbers are potentially present. In practice, however, cross coupling between incident-and guided-mode polarization is at least an order of magnitude less than direct coupling. Thus, the calculation of the coupling amplitude A can be reduced to a scalar computation by dropping crosscoupled modes without significant accuracy loss.
Propagation of the guided waves can then be computed from Huygens' principle, which treats every point of a scalar wavefront as a new source wavelet propagating outward in all directions. Since the guided waves are bound to the thin film layer, they can be represented by two-dimensional wavelets [16] ,
where j indicates the guided mode wavenumber, α is the absorption coefficient of the dielectric material, r is the sample location, r is the source location, and H
0 (x) is a zero-order Hankel function of the first kind. The complex field amplitude E at any point r is the superposition of all the wavelets that originate at the boundary of the waveguide r . Fresnel, and later Kirchhoff, Rayleigh, and Sommerfeld, developed a rigorous method to give E(r) by integrating over the boundary value amplitude E(r ) = Ae ik·r , where the boundary amplitude is the product of the incident wave e ik·r and the complex coupling amplitude A.
With both the Green's function wavelet and the boundary amplitude, it is now possible to calculate the complex field amplitude E j (r) from the Fresnel-Kirchhoff integral [17] ,
where S is a closed curve surrounding r, n is the inwarddirected normal vector, and the integration is over the boundary S, which involves only the primed terms. Suitable approximations exist for partially unbounded regions such that many experimental situations can be computed. In our case four distinct electromagnetic field amplitudes, E 1TE , E 1TM , E 2TE , and E 2TM , correspond to each of the four guided waves, and separate calculations were carried out for each amplitude. The two-photon photoemission (2PPE) electron yield is finally computed from a superposition of these fields with the incident field amplitude, where E 0TE and E 0TM are the incident light components. As previously discussed, typically only one polarization is present in the calculation since cross-coupling is weak.
III. EXPERIMENT
Two photonic structures, an assembly of holes and a single dielectric disc, as shown in Fig. 2 , were prepared by milling indium-tin-oxide (ITO) thin film on glass substrate with an FEI Strata 237 focused ion beam system. ITO is a transparent conductor, which in these experiments acts as a lossy dielectric waveguide. It was chosen because its electrical conductivity is sufficient to prevent local charging after electron emission. The assembly of holes consists of 15 holes with a diameter of 500 nm arranged in a 10-μm-diameter semicircle. The second sample is a circular waveguide separated from the bulk film by a 550-nm-wide circular groove with a diameter of 15 μm.
At the incident vacuum wavelength of 410 nm, ITO has an absorption coefficient of approximately 6 × 10 3 cm −1 and a refractive index of 2.14. The ITO film's thickness was 250 ± 40 nm, as determined by edge-view scanning electron microscopy (SEM). The substrate 0.2-mm-thick borosilicate glass has a refractive index of 1.53. Thus light can be confined to the ITO layer through total internal reflection.
These two photonic structures were chosen from an initial survey including variations on these patterns and several other shapes. In the samples selected, there are additional features that were not analyzed. Notably, the bottom portion of the first sample contains a gold nanowire that might support localized surface plasmon resonances (LSPRs), but does not contribute to the waveguide fields analyzed here.
An aberration-corrected PEEM [10, 18] was used to image photoelectrons excited by 410-nm laser pulses generated by a Spectra-Physics Mai Tai Ti:sapphire laser. The laser produces 80-fs pulses at a wavelength of 820 nm and at repetition frequency of 80 MHz. The light pulses are upconverted to 410 nm with pulse energies of 2-nJ and a 100-fs duration using a Del Mar Photonics second harmonic generator. The upconverted pulses have a linewidth of 4 nm, full width at half-maximum. The polarization direction of the laser was set with a tunable wave plate. The laser was incident at 60°with respect to the surface normal and had a spot size of about 100 μm in diameter. We found that the 2PPE yield obtained with TM polarized light was about six times greater than the yield obtained with TE light, which we mostly attribute to the vectorial nature of the photoelectric effect [19] .
IV. RESULTS
Figures 3 and 4 show PEEM micrographs of the semicircular hole assembly and groove encircling a disc-shaped waveguide region, respectively. The one-photon photoemission (1PPE) images show topographic features, similar to an SEM image. Modulations in electron emission due to surface light interference are less pronounced. On the other hand, the 2PPE images show much stronger contrast resulting from the superposition of guided fields from curved sources and the incident light. Guided waves refracted into the disc structure in Fig. 3 converge at multiple foci, with the dominant focus attributable to the forward direction and a weaker, secondary focus from the reverse direction found just below the primary focus. Bright line patterns diverge from the structure in Fig. 4 as a result of constructive interference between two or more holes. The presence of multiple waveguide modes leads to the fractitious appearance of beating in Fig. 3 and the line patterns in Fig. 4 .
Analysis of Figs. 3 and 4 yields the guided mode effective indices and relative mode amplitudes, which we can quantitatively compare to theoretical calculations to complement qualitative comparison of the experimental and theoretical images. We begin with the fields of a single, representative hole, shown in Fig. 5 , which is reconstructed from an average of the fields surrounding a selection of holes in the assembly. Figure 6 shows line profiles bisecting the hole in the direction of incident light. The effective indices and relative strengths of the two guided modes can be more readily determined from the Fourier transform power spectra of the line profiles, also shown in Fig. 6 . Adding the in-plane component of the incident wavenumber to the interference wavenumber gives the guided mode wavenumber, or, in terms of the effective index, N = k l /k 0 + sin θ . Thus, N 1TE = 1.78, N 2TE = 2.05, N 1TM = 1.68, and N 2TM = 2.02. Using these effective indices, we calculate an ITO film thickness of 265 nm, which is consistent with the 250 ± 40 nm measured in SEM [15] . The relative amplitudes can also be determined from the peak intensities of the Fourier transform power spectrum, giving 0.28 (TE) and 0.38 (TM). These values conform to within 6% with a Fraunhofer diffraction model based on the Airy disc,
1 ], where J 1 (x) is a Bessel function of the first kind, and Figure 3 gives similar effective indices as the holes since the film is roughly the same thickness. Guided mode relative amplitudes in the disc, (E 2 /E 1 ) TE = 0.84 and (E 2 /E 1 ) TE = 0.41, are different from hole diffraction, conforming instead to a slit diffraction model, where sin ζ j replaces J 1 (ζ j ), to within 6%. Next, we compute the expected photoelectron yield intensity of our theory. We begin by calculating the coupling amplitude, A j . In both cases, we use simple approximate expressions to expedite numerical integration of the Kirchhoff formula. We found that fields diffracted through a hole could be accurately modeled with a real transmission coefficient that is unity for the top edge and 0.66 for TE and 1.0 for TM modes for the bottom edge of a hole. Because of the extended nature of the circular groove, it was necessary to use amplitudes that vary more sensitively with position around the circular groove edge. These were calculated using Fresnel transmission coefficients expressions with variable incident angle [14] . The results for this calculation are shown in Fig. 7 . Next, we used the calculated guided mode wave numbers, as given above, in order to obtain a scalar field distribution for each guided mode. Individual field distributions E j are calculated from a numerical integration of the Kirchhoff formula. Subsequently the total surface fields are linear superpositions of the incident wave field and the two guided mode fields weighted according to their diffractive amplitudes, given by the Bessel or sinc parallel to the incident wave vector in the reverse direction. In the disc structure, the model maxima follow the contour of the groove edge as observed. Additionally, the locations and intensities of foci as well as the beating between the two guided modes are accurately reproduced. Differences between model and observed 2PPE images highlight the depth of information in present 2P-PEEM electron micrographs. These are especially apparent in near-field zones, around groove and hole edges, and are thus likely the result of more complicated optical and geometric properties than in the idealized simulation.
V. DISCUSSION AND CONCLUSIONS
The electron micrographs presented in Figs. 3 and 4 exhibit nanometer-scale resolution. In the direction opposite to the incident wave vector the interference maxima are separated by 2π/k I = λ/(N + sin θ ) 130 nm. Features near grooveand hole-edges exhibit even higher resolution, typically about 50 nm. Thus, nPPE electron micrographs provide subdiffraction visualizations of electromagnetic field distributions at the surface of materials that are accurate and complete pictures of light dynamics. The resolution of these images is not limited by the wavelength of illumination. Instead, in the current work, low electron luminosity is the primary resolution-limiting factor. With the appropriate sample and lighting conditions the resolution might approach 5 nm, similar to ultraviolet aberration-corrected PEEM [10] . Since longer exposure times may result in stability issues, higher laser pulse rates may be the best way to improve the luminosity and thereby resolution [20, 21] .
The observation of guided waves complements observations of other optical phenomena [1] [2] [3] [4] [5] [7] [8] [9] [10] , indicating that nP-PEEM can observe a wide range of optical processes. All propagating surface electromagnetic fields, such as surface plasmon polaritons and surface photonic waves, can be quantitatively analyzed using the same techniques presented here and in similar analyses [4] [5] [6] 9 ], as we have recently suggested [7] . This analysis can be used to measure wave speed, propagation length, and relative amplitudes, differentiating between the various forms of surface electromagnetic phenomena and leading to a better understanding of the physics of nanophotonic structures. To complement the earlier analysis, we now demonstrate a more general method for calculating surface fields and relative photoemission rates of more complicated optical structures based on the scalar wave diffraction theory of Kirchhoff.
Thus, nP-PEEM combines the ability to observe a wide range of electromagnetic phenomena with subwavelength sensitivity and excellent resolution. We believe that nP-PEEM could ultimately visualize even weak optical processes with a resolution of λ/50. Such intimate knowledge would open the near-field range to quantitative experimental analysis and would allow new approaches for the development of photonic and plasmonic metamaterials.
